INTRODUCTION
The Bahariya formation has proven to be a boon to researchers, yet despite its potential, this formation remains mostly overlooked (Rauhut & López-Arbarello 2009 ). The situation is made worse by near total loss of Stromer's collection during world war two and many valuable specimens still remain undescribed (Nothdurft et al. 2002) . Despite this, the Bahariyan assemblage is recorded in more detail than is generally credited.
Bahariya records a crucial period in Mesozoic history and with renewed interest in North African palaeofauna (Mannion & Barrett, 2013; Ibrahim et al. 2014b) , an understanding of Bahariya's fauna will be essential to help settle issues of taxonomy and ecology. Specimens from Bahariya are also known from partial skeletons as opposed to the Kem Kem beds where most are known from isolated and broken remains from various individuals (E. Läng personal communication, 2014) . This is due to the generally more benign depositional environment (Smith et al. 2001B) , making Bahariya the best place in North Africa to find partially complete skeletons.
Yet while the individual aspects of this ecosystem are known in detail, the environmental dynamics of this region as a whole has never been quantified in detail. This paper conducts a comprehensive review of the Bahariyan biota and is the first to unite previous aspects of Bahariyan research on how this ecosystem functioned into a unified whole, resulting in an environmental reconstruction equal to that done for other, better known, formations.
LITHOSTRATIGRAPHY
Figure. The Bahariya formation ( Fig. 1) is divided into three members: Gebel Ghorabi, Gabel el Dist & El Heiz (Norton, 1967) and is succeeded by the Abu Roash formation (Beadnell, 1902) ; which is divided into several members, informally known by the initials A to G (Norton, 1967; Robertson Research International et al. 1982) . While the Abu Roash formation crosses the Cenomanian/Turonian boundary, the oldest portion of the G member is coeval with the upper part of the Bahariyan formation (Khaled, 1999) . The F member, while also of cenomanian age, records an environmental shift from terrestrial coastline to open ocean, and as this paper reviews only the terrestrial ecosystem, will not be discussed here.
Most of the sediments at Bahariya were sourced from the Neoproterozoic rocks to the south (Tanner & Khalifa, 2009) . Enhanced continental weathering resulted in Bahariya developing layers of iron ore, ranging from 5 to 7 meters in thickness in some areas (Floegel & Hay, 2004; Meyer & Kump, 2008; Tanner & Khalifa, 2009; Baioumy & Boulis, 2012) . Unsurprisingly, ferricretes are also common at Bahariya (Tanner & Khalifa, 2009 ) and usually form in large numbers in swamps when the soluble iron in groundwater meets salt water (Widdowson, 2007) .
PALAEOENVIRONMENT Topography
Bahariya itself (Fig. 2) was a vast mangrove swamp referred to as the '' Bahariya Bight'' by researchers ) that extended for an estimated 300 km inland & 300 km along the coastline of Northern Gondwana (Catuneanu et al. 2006; Grandstaff et al. 2012; K. Lacovara, personal communication, 2010) .
While known primarily for its mangroves, the Bahariya Formation extends across half of Egypt with the Bahariya Bight being just part of a larger coastal wetland system with great variations in the prevailing palaeoenvironments both along the coastline (north to south) and from the coastline to inland regions (east to west). Stromer (1914) , Werner (1989) , Lyon et al. (2001 ), El Sisi et al. (2002 ) & Grandstaff et al. (2012 found evidence of estuarine deposits and Catuneanu et al. (2006) & Grandstaff et al. (2012) note that that these fluvial areas are more extensive in the in southern region of Bahariya; forming a huge, braided, fresh water river network. Moustafa & Lashin (2012) have also shown that the Bahariya segment of the ElWaha-1 succession preserves a neighboring upland community while the depositional environment of the Abu Roash formation's G member/Bahariyan El Heiz member, also records the development of a vast lagoon in the south (Said, 1962 (Said, , 1990 . The Bahariyan ecosystem can thus be divided into three basic microhabitats within the overall ecosystem: upland, coastal freshwater and coastal marine with varying degrees of overlap between them over time.
Sedimentology shows that the Bahariya Bight itself had a fine grained, low energy, meso-tidal regime Schweitzer et al. 2003) ; although a few areas of Bahariya show coarser grained, higher energy conditions (Catuneanu et al. 2006; Grandstaff et al. 2012; Baioumy & Boulis, 2012; Tahoun & Mohamed 2013) . A result of the generally limited wave action along most of this coastline would be high levels of salinity, although this would be negated to some extent by river inflow (Werner 1989) , high water table (Catuneanu et al. 2006) , high tidal range and the actions of the local fauna itself (Micheli et al. 1991; Stieglitz et al. 2000) . In the fluvial regions to the north and south, the salinity levels were much lower (Tahoun & Mohamed, 2013 ).
In the early Cenomanian, the continental shelf saw a gradual base-level rise (Said, 1990) , interrupted by three periods of base-level fall (Catuneanu et al. 2006; Tanner & Khalif, 2009) and the movement of the depositional basin inland (El-Sisi et al. 2002; Moustafa & Lashin, 2012 , Baioumy & Boulis, 2012 Tahoun et al. 2013; Makled et al. 2013) . This led to the development of deep marine basins alongside carbonate platforms in some areas (Moustafa & Lashin, 2012) . However the number of marine transgressions and the duration of each varied depending on location; some areas experienced multiple transgressions (Nothdurft et al. 2002; Baioumi et al. 2012) while others only experienced only two transgressions followed by forced regressions (Smith et al. 2001B; Catuneanu et al. 2006; Baioumi et al. 2012) .
The waters were predominantly dysoxic/anoxic (El-Soughier et al. 2011; Tahoun et al. 2013; Makled et al. 2013; Zobaa et al. 2013) , although conditions in some areas were suboxic/anoxic in nature . Despite the water conditions, fish were incredibly diverse and the huge sizes attained by many shows the waterways must have been deep and extensive; estimated depths ranging from 3 to 6 meters (Nothdurft et al. 2002) to 50 to 500 meters (Baioumy & Boulis,. 2012) , although channel depth would have varied over time and location.
While there are no extant parallels, as the Bahariyan flora seems to have evolved different methods of surviving in a ''mangrove biome'' compared to extant mangrove taxa , Bahariya shows characteristics of both tidal and basin mangroves. Artwork by Joschua Knüppe.
Climate
During the Cenomanian, 99.0 to 93.5 mya, North Africa generally had a stable climate that lacked defined seasons although it suffered violent monsoons (Russell & Paesler, 2003) . However most climatology work focuses on the Kem Kem beds and may not be representative of the Bahariya formation; although the local ammonite fauna (Wiese & Schulze, 2005) supports Russell & Paesler's interpretation and the abundance of glauconite also suggest frequent and violent storms (Baioumy & Boulis, 2012) . Traces of charcoal show this region was also subject to periodic forest fires (Nothdurft et al. 2002) .
With latitude of roughly 10°N, Bahariya was near the palaeoequator which would have resulted in a tropical climate Deaf, 2009) . The presence of xerophytic plants such as Weichselia reticulata (Stokes & Webb, 1824?) and palynomorph studies suggest a dry climate (Bolkhovitina, 1953; Krutzsch, 1961; Trevisan, 1980; Zobaa et al. 2008; Deaf, 2009; Baioumi et al. 2012; Zobaa et al. 2013) as does the leaf morphology . However the presence of some palynomorphs suggests humid conditions in some areas (Schrank, 1990; Brenner, 1996; Shehata & Abdou, 2008; Deaf, 2009; Baioumi et al. 2012; Zobaa et al. 2013) and Catuneanu et al. (2006) shows a brief swing towards wetter climatic conditions in the middle Cenomanian.
FLORA & FAUNA Microfauna & Meiofauna

Dinoflagellates
Bahariya dinoflagellates include Spiniferites sp (Mantell, 1850 ) Sarjeant 1970 , Mudrongia simplex (Alberti, 1961 Cookson and Eisenack 1958, Pediastrum sp & Scenedesmus sp (Meyen, 1829) , Cyclonephelium vannophorum & Cyclonephelium edwardsii (Davey, 1969) , Kallosphaeridium sp (De Coninck, 1969?) , Exochosphaeridium (Davey et al. 1966 ) Guler et al. 2012 , Coronifera oceanica (Cookson & Eisenack, 1958) , Peseudoceratium securigerum (Davey & Verdier, 1973) & P. anaphrissum (Sarjeant?) Bint, 1986 , Botryococcus sp (Kützing, 1849 , Palaeoperidinium cretaceum (Pocock, 1962) , Florentinia mantlii (Davey & Verdier, 1974) Guler et al. 2012 , F. cooksoniae & Florentinia sp (Singh, 1971 , Xiphophoridium alatum (Sarjeant, 1966) Cookson and Eisenack 1962 , Dinopterygium cladoides (Deflandre, 1935 ) Dolding 1992 and Subtilisphaera perlucida and S. senegalensis (Alberti, 1959 ) Jain & Millepied 1973 . Foraminifera Foraminifera are also known from this Formation (Zobaa et al. 2008) . Record families include the Cibicididae, Vaginulinidae, Hauerinidae, Nezzazatidae, Mayncinidae, Favusellidae, Hedbergellidae, Rosalinidae, Heterohelicidae, Thomasinellidae, Textulariidae and the Discorbidae (Ismail & Soliman, 1997) . Known species include Favusella washitensis (Carsey, 1926) , Charentia cuvillieri & Mayncina orbignyi (Neumann, 1965) , Whiteinella archaeocretacea (Pessagno, 1967) , Thomasinella fragmentaria & T. aegyptia (Omara, 1956) , T. punica (Schlumberger, 1893 ) Loeblich & Tappan 1983 along with Rotalipora reicheli & R. cushmani (Morrow, 1934 .
FLORA
Miospores
Spore and pollen species are also known (Zobaa et al. 2008 (Singh 1964) , Murospora florida (Somers, 1952?) , Crybelosporites pannuceus (Brenner 1963) , Scortea hamoza & S. tecta (Chlonova, 1971) , Deltoidospora sp (Miner, 1935) , Elaterocolpites castelainii & Ephedripites sp (Regali et al. 1974) , Elateroplicites sp (Herngreen 1973) , Cyathidites sp (Allam & Cramer, 1973) , Dictyophyllidites harrisii (Couper, 1958a & b) , Dicheiropollis etruscus (Trevisan, 1971) , Retitricolpites sp ( Van der Hammen, 1956) , Spheripollenites psilatus (Couper, 1958a & b) , Impradecispora apiverrucata (Couper, 1958a & b) Venkatachala et al. 1969a & b (Deflandre, 1937) Lentin and Williams, 1973 .
Vascular Plants
The dominate plant at Bahariya was the tree fern Weichselia reticulata Silantieva & Krassilov, 2006) . Other native water ferns are Cladophlebis sp (Brongniart, 1849; Lyon et al. 2001; Barbacka & Bodor 2008 ) & Marsilea sp (Linnaeus, 1753; Lyon et al. 2001) . The tree Agathis sp (Salisbury, 1807) is also found in Bahariya ). Lyon et al. (2001) document the presence Nelumbites sp and Liriodendrites sp (Johnson, 1996) with other indeterminate species assigned to the Sapindales, Piperaceae, Lauraceae and Platanaceae. Stromer (1936) Ultimately thirty different genus of plant are known from Bahariya, some of which fall into the category of mega-flora (Lyon 2001) . Sadly much of this material has yet to be described.
FAUNA Invertebrates
Insects
Insect remains are sparse although Lyon (2001) found leaves with evidence of extensive insect damage. Nothdurft et al. (2002) mention the remains of predatory snails buried in the act of scavenging a fish carcass. This habitat also had reefs composed of Exogyra sp (Say, 1820; Lyons, 1894; Stromer, 1936; Lacovara et al. 2003; Grandstaff et al. 2012) , Nucula sp (Lamarck, 1799b; Stromer, 1936) , Cardium sp (Linnaeus, 1758; Stromer, 1936) , Gastrochaena sp (Spengler, 1783; Stromer, 1936) and Ostrea flabellata (Goldfuss, 1833; Stromer, 1914) .
Gastropods
The ammonites Neolobites vibrayeanus (d 'Orbigny, 1841) and Baculites sp (Lamarck, 1799a) are also known from Bahariya (Stromer, 1936; Kassab & Obaidalla, 2001; Wiese & Schulze, 2005; Abdel-Gawad et al. 2006; Gertsch et al. 2010; El-Sabbagh et al. 2011) .
Crustaceans
Bahariya crabs are referred to the Necrocarcinidae (Schweitzer et al. 2003) and Stromer (1936) also mentioned fragmentary lobster remains. The most diverse crustaceans are the ostracods with the families Cytherellidae, Loxoconchidae, Bythocyprididae, Cytherideidae, Paracyprididae, Xestoleberididae, Trachyteberididae, Bairdiidae, Bythocytheridae, Cytheruridae, Progonocytheridae and Brachycytheridae present (Ismail & Soliman, 1997; Gebhardt; . 
Vertebrates Nontetrapods
Fish
Bahariya's signature taxon is Mawsonia libyca (Weiler, 1935; Grandstaff, 2006) . However the number of Mawsonia species in North Africa is debated (Tabaste, 1963; Cavin & Forey, 2004; Carvalho & Maisey, 2008; Gallo et al. 2010) and further complicated by the lack of neotype for M. libyca. For that reason all Egyptian Mawsonia remains are herein assigned to M. libyca pending further revisions of this taxon.
Another predatory fish is Stromerichthys aethiopicus (Weiler, 1935; Cavin et al. 2010) and Smith et al. (2006b) Another enigmatic taxon is Paranogmius doederleini (Weiler, 1935; Cavin & Forey, 2008) . Possibly conspecific with P. doederleini is Concavotectum morrocensis (Cavin & Forey, 2008) which was also found in Bahariya (Le Loeuff et al. 2012) . Stromer (1936) also found remains referred to Saurodon sp (Hays, 1830) . However this referral is unlikely as Saurodon sp postdates the Cenomanian and is known only from Europe and North America, thus these specimens are herein left as Ichthyodectidae incertae sedis.
North Africa also had a diverse Elasmobranchii fauna. The best known is Onchopristis numidus (Haug, 1905; Stromer, 1927; Dutheil, 1999) which is now known from a complete cranium & associated vertebrae (Dutheil & Brito, 2009 ). Other Sclerorhynchiformes include Baharipristis bastetiae (Werner, 1989 (Werner, , 1990 Suarez & Cappetta, 2004 : Vullo et al. 2007 , Marckgrafia lybica (Weiler, 1935; Werner, 1990; Dutheil, 1999; Wueringer et al. 2009 ), Distobatus nutiae (Werner, 1989; Dutheil, 1999) , Aegyptobatus kuehnei (Werner, 1989 (Werner, , 1990 , Peyeria libyca (Weiler 1935) , Rhinoptera sp (Hasselt, 1824 in Nelson, 2006) , Isidobatus tricarinatus (Werner, 1989; Murray, 2000) , Schizorhiza stromeri (Weiler, 1930) , Gymnura laterialata (Weiler, 1930; Werner, 1989 ) & Renpetia labiicarinata (Werner, 1989 (Werner, , 1990 and Ptychotrygon henkeli (Werner, 1989 (Werner, , 1990 Murray, 2000) .
Sharks were also abundant. One of the larger species was Squalicorax baharijensis (Stromer, 1927; Slaughter & Thurmond, 1974; Vullo et al. 2007 ). Others include Cretodus longiplicatus (Werner, 1989 (Werner, , 1990 Murray, 2000) , Cretolamna appendiculata (Agassiz, 1843; Smith et al. 2006b ) and Scapanorhynchus subulatus (Agassiz, 1843; Smith et al. 2006b ).
More controversial is Carcharias amonensis (Cappetta & Case, 1975; Wellnhofer & Buffetaut, 1999; Dutheil, 1999; Vullo et al. 2007; Cavin et al. 2010) . Most agree that amonensis requires a new genus and while Bernardez did name a new genus, his work is still unpublished (Guinot personal communication). For this reason the genus is retained as ''Carcharias'' until a new genus is erected.
More controversial is Carcharias amonensis (Cappetta & Case, 1975; Wellnhofer & Buffetaut, 1999; Dutheil, 1999; Vullo et al. 2007; Cavin et al. 2010 ). This species has had a long and complex history and has been attributed to various genera over the years: first Odontaspis (Cappetta and Case 1975) , then to Serratolamna (Landemaine 1991) and finally to Carcharias (Vullo et al 2007) . Vullo et al. (2016) finely coined the new name, Haimirichia, in 2016 after a study of a wonderfully preserved partial specimen from Morocco.
The region was also home to Tribodus aschersoni (Stromer, 1927; Werner, 1989; Vullo & Neraudeau 2008; Le Loeuff et al. 2012; Cuny, 2012) and its sister taxon Asteracanthus aegyptiacus (Stromer, 1927) . While dismissed as a nomen dubium by some (Rees & Underwood, 2002) , Werner (1990) , Dutheil (1999) , Lane (2010 ) & Cavin et al. (2010 consider A. aegyptiacus valid and this opinion is accepted herein. Squatina sp (Dumeril, 1806; Slaughter & Thurmond, 1974; Underwood & Mitchel, 1999 ) is also known from Bahariya. Stromer (1914) and Slaughter & Thurmond (1974) also found specimens of Neoceratodus africanus. Churcher & De Iuliis (2003) however, believe that some specimens warrant their own genus, Retodus tuberculatus (Churcher et al. 2006) . Tooth plates also show that Ceratodus sp was also preset in Bahariya (Stromer 1936 , Nothdurft et al. 2002 . Scales assigned to Lepidotes sp (Forey et al. 2011 ) are also known from Bahariya, although this material may be referable to polypterids such as Bawitius bartheli (Stromer, 1936; Grandstaff, 2006; Smith et al. 2006A; Grandstaff et al. 2012) .
Coelodus sp (Heckel, 1854; Stromer, 1936) is also found in Bahariya along with Plethodus libycus (Weiler, 1935) and P. tibniensis (Schaal, 1984) . However the status of these Plethodus species is questioned by the discovery of Palaeonotopterus greenwoodi (Forey, 1997; Taverne & Maisey, 1999; Cavin & Forey 2001 ). The tooth plates are so similar that P. libycus and P. tibniensis are herein referred to P. greenwoodi (following Taverne, 2000) . While this creates a nomenclature problem as P. greenwoodi is the junior synonym; P. libycus and P. tibniensis are only known from destroyed holotypes rendering them both nomen nudum regardless. Thus it would be best if P. libycus and P. tibniensis were considered nomen oblitum and P. greenwoodi erected as a nomen conservandum.
Tetrapods
Testudines
Turtles are also known (Lapparent & Werner, 1998) ; one genus being Apertotemporalis baharijensis, although there are clearly other species present (Stromer, 1934) .
Squamata
The most common squamate in this region is the sea snake Simoliophis sp (Sauvage, 1880; Nessov et al. 1998; Nothdurft et al. 2002) . As the Bahariyan Simoliophis species is chimaeric (Rage & Escuillie, 2003; Rage & Dutheil, 2008) , the Egyptian specimens are left as Simoliophis sp with the other vertebra assigned to a new indeterminate snake genus (Rage & Dutheil, 2008) .
Crocodylomorpha
The crocodylomorphs are typified by Stomatosuchus inermis (Stromer, 1925 (Stromer, , 1933 & Aegyptosuchus peyeri (Stromer, 1933) . A third crocodyliform is Libycosuchus brevirostris (Stromer, 1914; Buffetaut, 1976) . Further Libycosuchus material was found by Nothdurft et al. (2002) , Tumarkin-Deratzian et al. (2004 ) & Buffetaut (1976 ; although some material may in fact be referable to Hamadasuchus rebouli (Larsson & Hans-Dieter, 2007) .
Plesiosauria
The Bahariya formation was home to Leptocleidus capensis (Stromer, 1933; Stromer, 1935; Cruikshank, 1997) . However the remains lack the diagnostic traits seen in Leptocleidus (Sachs, 2014) . Thus the Bahariyan pliosaur is herein referred to Polycotylide incertae sedis.
Dinosauria
The most iconic Bahariyan dinosaur is Spinosaurus aegyptiacus (Stromer, 1915 (Stromer, , brahim et al. 2014b . While Sigilmassasaurus braviolis (Russell, 1996) is usually considered a junior synonym of Spinosaurus (Evers et al. 2012; McFeeters et al. 2013; Ibrahim et al. 2014b) , it now appears that S. braviolis may indeed be a valid taxa (Evers et al. 2015) .
While accepting the argument that there are two separate spinosaurids in North Africa, Cau (2015) questions whether this material is truly distinct from Spinosaurus (in which case Sigilmassasaurus braviolis would become Spinosaurus braviolis). While such a discussion is beyond the scope of this paper; all that matters herein is that there were clearly two distinct spinosaurids in this region (Russell 1996 , Evers et al. 2015 , irrespective of whether they are separate on a species level or genus level.
Another theropod with a complex taxonomic history is Bahariasaurus ingens (Stromer, 1934; Huene, 1948 ). It's been proposed that B. ingens is a senior synonym of Deltadromeus agilis (Sereno et al. 1996; Nothdurft et al. 2002; Carrano & Sampson, 2008) , however a reappraisal suggest that Sereno's transfer of B. ingens material to D. agilis was unwarranted and the B. ingens paratype lacks all the diagnostic features of D. agilis; rendering both taxa distinct from each other (Mortimer, 2014) . For that reason, B. ingens is herein considered a valid taxon and D. agilis, which can now only be positively identified from Morocco, will not be considered further.
Also known from Bahariya is Carcharodontosaurus saharicus (Depéret & Savornin, 1927; Stromer, 1931; Brusatte & Sereno 2007 ). There are also potential dromaeosaurid remains in North Africa (Rauhut & Werner, 1995; Smith et al. 2001a ). Known only from teeth, it is also possible that these specimens actually represent abelisaurids as there is evidence of at least one species of abelisaurid inhabiting North Africa at this time (Russell, 1996 , Mahler, 2005 , Carrano & Sampson, 2008 Porchetti et al. 2011; Richter et al. 2012; Evans et al. 2014; Chiarenza & Cau 2016) .
Both Stromer (1931) and Lavocat (1954) also noted the presence of Erectopus sp (Sauvage, 1882) and elaphrosaurid remains. While its possible these belong to D. agilis (Mortimer, 2014) , they are herein both left as theropod incertae sedis due to as their fragmentary nature.
The sauropod fauna of this region is comprised of Aegyptosaurus baharijensis (Stromer, 1932) and Paralititan stromeri (Smith et al. 2001b ). Stromer (1932) identified a vertebra alongside an isolated scapula as Dicaeosaurus hansemanni (Janensch, 1914) . Nothdurft et al. (2002) tentatively reassigned these remains as a rebbachisaurid, but Mannion & Barrett (2013) make a strong case that the material belongs to a third, unnamed species of titanosaur.
ECOLOGICAL RECONSTRUCTION Primary production
The Bahariya Bight is often claimed to be one of ''the most productive non-marine biomes during the Mesozoic'' , suggesting greater productivity led to larger fauna. Net primary production can be simplified as tonnes of carbon produced via photosynthesis per hectare per year (Hogarth, 2007) . Comparisons with extant mangroves can give a general picture of productivity since have noted that the depositional environment of the Florida mangroves are the closest extant analogue to Bahariyan sedimentation, so Bahariya is not entirely without precedent. The flora was also clearly behaving like an extant mangrove community and would have had to survive under identical conditions as any ''true'' mangrove swamp.
A habitats net primary production is also dependent on its total area (Pauly & Ingles, 1986) and with the mangrove bight alone, extended for an estimated 300 km in all directions; Bahariya clearly had sufficient landmass for a large trophic base. Schweitzer et al. (2003) and Tanner & Khalifa (2009) record that the mud and sandstones were rich in organic matter. The abundance of siderite is also evidence of an organic-rich environment (Tanner & Khalifa, 2009) . Trees like Agathis sp are also productive in terms of biomass (Gee 2011 ) and studies by Hummel & Clauss (2011) suggest that the energy content of some ferns would have been only slightly lower than modern grasses. Lacovara et al. (2003) also show that the anchor roots of some species of Bahariyan plants accumulated mud and other nutrient rich sediments like modern mangrove taxa.
Nutrients would also be imported into the biome through the extensive rivers (Werner, 1989; Lyon et al. 2001) . Models of hydrologic cycles by Floegel & Hay (2004) also show that the tropical climate would also enhance the rates of groundwater flow, increasing the amount of nutrients entering the ecosystem. Changes in water circulation in the Tethys sea also resulted in increased oceanic nutrient flow (Leckie et al. 2002) and the high tidal energy along the coastline would have imported large quantities of these nutrients into Bahariya ).
Yet the nutrient content of such tidal influxes can be as much as 10 to 20 times lower than riparian sources (Lugo et al. 1976 ) and data suggest that terrestrial water runoff is more important than tidal influx in delivering nutrients to modern mangroves (Hogarth, 2007) . So while Bahariya would have increasingly stored nutrients rather than exported them due to the low tidal action (Lugo et al. 1976; Hogarth 2007) , the mangroves at the mouth of the extensive river networks to the south would have been more productive than those in the bight itself.
Towards the end of the Cenomanian, Bahariya actually became over-productive: the over-abundance of nutrients and the increased amount of iron being delivered into this ecosystem resulting in the eutrophication of the waters triggering algal blooms (Martin & Fitzwater, 1988; Frost, 1996; Boyd et al. 2000; Tanner & Khalifa, 2009; El-Soughier et al. 2011) . While the exact effects vary depending on the taxa in question (Lyons et al. 2014) ; in general such blooms initially boost productivity, but lead to a decline in species richness in the long term (Dolbeth et al. 2003; Worm & Lotze, 2006; Lyons et al. 2014 ). This suggests that Bahariyan ecological stability would have begun to fail towards the Cenomanian/Turonian boundary as a result of nutrient overloading and the subsequent over-productivity of plankton & aerobic bacteria. This pattern was part of a larger global extinction event at this time (Sinton & Duncan, 1997; Kerr, 1998; Huber et al. 1999 Huber et al. , 2002 Leckie et al. 2002; Meyer & Kump, 2008; Yilmaza et al. 2010) .
Carbon imports and exports
Coastal region like Bahariya not only import nutrients but also particulate and dissolved organic matter (Hogarth, 2007) . Other imports come in the form of crustacean megalopae returning after spending their larval stage at sea and fish using mangroves as nurseries for their young (Morrissey & Gruber, 1993a , 1993b Cerutti-Pereyra et al. 2014) . At least one species of Bahariya fish appears to have done the same (Cavin, 1999).
However mangroves also loose productivity. Lyon (2001) reports extensive insect damage; but extant swarming herbivorous insect's only accounts for an inconsequential 2 to 5% of productivity (Hogarth, 2007) . Likewise the microfauna are also a drain on mangrove productivity, despite playing an important role in leaf litter turnover, because the carbon they produce gets recycled within the microbial community alone with little escaping into the wider ecosystem. Roughly 10% of production is lost this way (Ong, 1993 ).
Lacovara also doubts that the dinosaur population lived permanently in the mangroves (in Nothdurft et al. 2002) . This is in accordance with extant mangroves; in Australia, out of the 200 bird genera recorded in this habitat, only 14 are found solely in mangroves; the rest commute daily or annually (Noske, 1996) . Even fewer mangrove adapted birds are known from elsewhere in the world and the number of mangrove adapted mammals is smaller still (Hogarth, 2007) . It must also be noted that most Egyptian dinosaurs were multi-ton animals yet no mangrove adapted herbivore over a ton in weight ever appears to have evolved, although terrestrial multi-ton herbivores such as elephant and rhinoceros used to frequent mangroves such as the Sundarbans to feed in the recent past (Hogarth, 2007) . Indeed the bulk of the vertebrate fauna from this formation (Fig. 3) is comprised of aquatic or semiaquatic forms with terrestrial fauna in the minority. Figure. 3. The fauna of cenomanian Egypt.
Vertebrate ecological diversity for the Bahariya formation. Results show genus level diversity. Nagelkerken et al. (2008) suggest that this lack of mangrove adapted taxa is a result of the basic structure of this environment preventing specialization amongst the local fauna. Indeed titanosaurids, the dominant herbivore group in Bahariya, appear to have been increasingly adapted for inland habitats (Brusatte, 2012) . Thus Bahariya probably had a generalist population entering the mangroves and river networks from the mainland to take advantage of the abundant food supply, rather than being mangrove adapted taxa. The exception to this rule appears to be the spinosaurids which were adapted for coastal environments (Fanti et al. 2014 ).
This means that Bahariya was losing productivity as the fauna fed and then took that carbon outside of the biome. However this loss may be overstated as little carbon is apparently exported to surrounding habitats (Nagelkerken et al. 2008; Bouillon et al. 2008 ). This would be offset further by the fact that animals also import carbon (FAO, 1994) both in terms of faecal matter -trees used as roosts by bird flocks display greater productivity for instance (Stafford & Deitsch, 1996) Carrano & Velez-Juarbe (2006) also suggest the relative immunity of adult sauropods to predation would have created a feedback loop where carbon was recycled through one trophic level, resulting in greater productivity and thus a greater diversity of large predators. The presence of such a loop would give increased importance to decomposers.
Nutrient recycling
The chief mangrove detritivores are often crabs (Tang & Ng, 1994; Burnie et al. 1996; Gillikin & Schubart, 2004; Hogarth, 2007) . Crab burrows oxygenate the soils and reduce salinity (Micheli et al. 1991; Stieglitz et al. 2000) while their tendency to bury leaves increase nutrient cycling and leaf litter turnover rates 75 times faster than microbial decay (Robertson & Daniel, 1989) . Decopod digestion also enhances the nutritional value of leaves excreted (Lee, 1997; Nerot et al. 2009 ). Bahariya crabs were undoubtedly scavengers of both vegetation and animal carcasses (Schweitzer et al. 2003; Ibrahim et al. 2014a ) and the paleosoils show signs of extensive burrowing (Schweitzer et al. 2003; Tanner & Khalifa, 2009 ) proving a high population and/or species diversity. Nothdurft et al. (2002) also recorded high numbers of snails. This is not without precedent as extant species can achieve great population densities, although carnivorous species like the Bahariyan snails are usually rare in extant mangroves (Sasekumar, 1974; Wells, 1984; Nagelkerken, 2008) . Indeed snails sometimes replace crabs as the primary ecosystem engineers in some regions: Crab predation on seedlings in Malaysia are responsible for 95 to 100% of losses while in Florida they only accounts for 6% of losses with 73% taken by gastropod molluscs (Hogarth, 2007) .
High species diversity and population density of snails is also noted in the coeval Halal Formation; some of which are known from near-monospecific bone-beds (Ayoub-Hannaa & Fürsich, 2011). So gastropods could very well have equalled crabs in their importance in this ecosystem, sadly little has be published on Bahariyan snails so their role cannot to be studied in greater detail besides noting the fact that they were clearly abundant.
Floral population dynamics
Such nutrient richness along this coastline may be the source of Bahariya's rich diversity of plant life (Fig. 4) ; although due to the fact that many floral specimens are unsubscribed, the current count is based solely on Miospore taxa. However, it must also be noted that megaflora can also flourish in nutrient depleted soils (Aragao, 2009 ). This diversity was maintained, despite the arid climate, as result of North Africa's high water table (Catuneanu et al. 2006 ) and a low continental gradient which slowed the exit of river water and allowed the Tethys sea to flood the land, creating a water rich environment despite the limited rainfall (Nash, 2012) .
However it must be noted that Bahariya was a mangrove swamp by definition only: a tidal, saline forest (Hogarth, 2007) . None of the taxa that constitute modern mangrove flora existed at that point and Bahariya's flora had different adaptations compared to extant mangrove species (Silantieva & Krassilov, 2006) .
Weichselia reticulata is among the most common taxa present, creating gallery forests along Bahariya's waterways (Nothdurft et al. 2002) . However the presence of some of the other taxa recorded in Bahariya is strange: Agathis, for instance, can only survive short periods of waterlogging and mild salt spray (Tomlinson, 1986; Thomson, 2006) . Mahmoud & Moawad (2002) and Moustafa & Lashin (2012) show that such coniferous forests were found only in the upland and river networks, way from the coastline, during the preceding Aptian and this may well have been the case in the Cenomanian as Baioumi et al. (2012) note the decline of araucariacean pollen in this region as marine influences increased during the Cenomanian.
The waterways of Bahariya were also rich in phytoplankton (Stromer, 1936) . Mudrongia, Cyclonephelium, Xiphophoridium, Florentinia, Cribroperidinium, Dinopterygium, Exochosphaeridium, Peseudoceratium & Subtilisphaera were the dominant dinoflagellate taxa; composing 40 to 90 percent of the total plankton biomass in some areas (Tahoun et al. 2013) . Multiple algal blooms saw Pediastrum scenedesmus and Botryococcus periodically increase in abundance (El-Soughier et al. 2011 ).
Miospore taxa also allow us to track changes in plant diversity over time. Bahariya went through 4 biozones (Tahoun et al. 2013 ) named after the dominate taxa in each: zone 1 (Afropollis jardinus), zone 2 (Elaterosporites klaszii), zone 3 (Cretacaeiporites densimurus) & zone 4 (Trilobosporites laevigatus); the changes in flora correlating to changes in sea level and climate. These zones remain consistent across the western desert with some variation due to the localized environmental conditions; supporting the idea of a continual ecological province (Ibrahim et al. 2014b) , at least in North Eastern Gondwana.
We can also study floral diversity on a localized level as well as for the overall ecosystem. Baioumi et al. (2012) note that the sediments at the Horous -1 well represent a fresh water river area -as opposed to the brackish marine conditions predominant elsewhere in this ecosystem -and it also demonstrates localized humid conditions in a region that was predominantly arid.
Afropollis jardinus is abundant thought the cenomanian at this location (20 percent or higher of the sampled sediments). At only three points in time does it becomes rare (less than 10 percent). Crybelosprites pannuceus, Cyathidites sp and Dictyophyllidites harrisii were also common with brief periods of decline and recovery. The amounts of Cicatricosisporites minutistriatus, Elaterosporites klaszi, Classopoll sp and Ephedripites sp. however, remain constantly low except for brief period were abundances increases (Baioumi et al. 2012) .
The section of the formation that outcrops at El-Waha-1 also has a different palynomorph assemblage from the rest of the formation (Moustafa & Lashin 2012) 
Niche partitioning amongst Bahariyan herbivores
Large herbivores also contribute to a habitats floral diversity through their feeding; a pattern we see with modern mega-herbivores (Hansson et al. 1995; Nothdurft et al. 2002; Pringle, 2008; Nasseri et al. 2011) . Titanosaurid sauropods were the dominant herbivores in this region with two named species and a third poorly known taxa (Stromer, 1932; Nothdurft et al. 2002; Mannion & Barrett, 2013) . However these mega-herbivores were probably not superabundant: the Morrison ecosystem dynamic with lots of young, but few adults of each species per km, likely applied here (Farlow, 2007) .
The shape of the skull and teeth is an indicator of feeding habits in sauropods. One, undescribed, tooth is known for P. stromeri (Smith et al. 2001b ); but such material is absent for A. baharijensis and the third unnamed species making the question of niche partitioning unanswerable beyond the assumption that there must have been some variation, if only due to the considerable size difference between them.
However, work by Tütken (2011) suggests that sauropods did not feed on aquatic plants, which agrees with Carrano & Velez-Juarbe (2006) who note the rarity of large herbivores in similar habitats. Yet it's incredibly unlikely that sauropods would be in Bahariya for any other reason than to feed (a certainty in the unlikely event that they lived there permanently). However Tütken did not specifically analyze mangrove plants in his study and cannot exclude it (Tütken, personal communication, 2013) .
Mangroves do appear to have distinct δ13C values compared to other marine plants (Loneragan et al. 1997 ) although the question is whether they are isotopically distinguishable from terrestrial plants, if not the consumption of mangrove plants would be impossible to differentiate. A similar study dealing with Bahariyan sauropods and mangrove plants would be needed to settle this issue.
Missing faunal elements
It's also interesting to note that the evidence of rebbachisaurid sauropods from Bahariya is dubious, consistent with the theory that rebbachisaurids were restricted to Northwestern Africa (Mannion & Barrett, 2013) . Mannion & Barrett (2013) suggest that the Trans-Saharan seaway blocked their dispersal into the rest of the continent, but this is unlikely since the Tethys Sea to the north proved no barrier to rebbachisaurid dispersal into Laurasia (Torcida et al. 2011; Fanti et al. 2013 ).
Ornithopods are also unknown from Bahariya and Läng et al. (2013) & Ibrahim et al. (2014b) have shown that they were genuinely rare in North Africa at this time.
It's been suggested that the large number of theropod species acted as a deterrent (Nash, 2012) , similar to Shark Bay where large shark populations keep aquatic herbivores away (Wirsing, Heithaus & Dill, 2007; Wirsing & Heithaus, 2011) . While this may be true for the Kem Kem formation (although it must be noted that the lack of abundant vegetation -Läng, personal communication, 2014 -would be a more plausible explanation for their rarity), it's doubtful that this applies to Bahariya with its more balanced ecosystem, diverse flora and more commonplace herbivore remains.
A more likely explanation for their rarity would be North Africa's distinct climate. Noto & Grossman (2010) note that mid to low level feeders become rarer as the environment becomes drier. Hogarth (2007 ) & Nagelkerken et al. (2008 have also noted the simplified ecological structure of mangrove habitats which lack a developed understory and ground level vegetation. This would explain the rarity of ornithopods, and possibly rebbachisaurids, in Bahariya which was an arid habitat despite its diverse flora.
Other missing fauna include Garial-like and herbivorous crocodylomorphs from the Kem Kem beds (Lavocat, 1955; de Broin, 2002; Sereno & Larsson, 2009 ). Pterosaurs are unknown from Bahariya, but common in Morrocco (Mader & Kellner, 1999; Ibrahim et al. 2010) and there are no known thyreophorians despite Lapparent (1960 ) & Russell (1996 making reference to material from Morocco. Birds & mammals have also proven absent (Cavin et al. 2010 ) despite being present elsewhere in North Africa (Nessov et al. 1998; Fabio et al. 2003; Riff et al. 2004; Contessi & Fanti 2012; Contessi, 2013) . Only the lack of amphibians is expected as, with few exceptions, amphibians cannot tolerate brackish waters (Dicker & Elliott, 1970) ; suggesting amphibian remains would be most likely found in the southern freshwater regions, if they existed in Bahariya at all.
While simple none recovery is the most likely explanation in most cases given how poorly sampled the formation is (for instance, it took 120 years of searching before ankylosaurid remains were found in the well sampled Morrison formation, Foster, 2007) ; it's impossible to say with certainty. Especially as some groups may be genuinely absent as marine transgressions would have forced any fresh water dependent communities further inland. There is evidence of this amongst marine invertebrates as the as the shallow water reefs were drowned by rising sea levels; resulting in previously common genera such as Exogyra sp declining rapidly towards the Turonian boundary (Kauffman, 1995; Dhondt et al. 1999) .
Such transgressions are also the reason for the rarity of abelisaurids (Fanti et al. 2014; Sales et al. 2016 ). While Benson et al. (2012 suggest this was a result of Gondwana being divided into ecological bands as a result of climate, recent work shows that the situation is more complicated with ecological factors as well as climactic factors playing a role (Fanti et al. 2014 , Chiarenza & Cau 2016 .
Predator/prey ratios
The low numbers of abelisaurids helps explain one of the most important issue facing previous ecological reconstructions: the over-abundance of predators (Nothdurft et al. 2002) , especially as Läng et al. (2013) unbalanced as originally supposed; the ratio was as bad as seven to two in the earliest studies by Stromer.
A specimen count for Bahariya (Fig. 6) shows C. saharicus & B. ingens from their holotype and paratype specimens respectfully, while S. aegyptiacus is known from at least one specimen, two if ''Spinosaurus B'' is referable to that species (Stromer, 1915 (Stromer, , 1931 (Stromer, , 1934 (Stromer, , 1936 . The supposed abelisaurids & dromaeosaurids are not included due to the fragmentary nature of their remains, making it impossible to accurately count the number of species and individuals present.
If we include specimens from North Africa in its entirety, the result stays the same for the abelisaurids, dromaeosaurids & B. ingens; while the number of C. saharicus specimens increases to seven and Spinosaurus sp is now known from an estimated twenty two specimens (Bertin, 2010; Ibrahim et al. 2014b ).
Figure. 6. Theropod population dynamics. A Theropod specimen count for North Africa. Graph A shows the count for Bahariya and graph B shows a specimen count for all of North Africa.
Both counts shows that spinosaurids sp was the most common taxa (albeit slightly in the case of Bahariya alone), irrespective of whether or not we are dealing with two separate species or two separate taxa This further validated the argument that the spinosaurids were the only year round occupant of these environment (Fanti et al. 2014 , Sales et al. 2016 , with the others being commuter predators entering the mangroves and river networks on occasion to hunt.
This would offset the over-abundance of theropods as three of the five taxa are rare, exceptionally so in the case of the abelisaurids; a pattern seen in the Morrison Formation which also has a large numbers of theropod species, but 75 percent of all theropod remains belong to just one, with the rest in the minority (Foster, 2007) .
Sadly the current predator/prey ratio is only provisional. While most researchers considered the caudal vertebrate and scapula as belonging to a third sauropod (Stromer, 1932; Nothdurft et al. 2002; Mannion & Barrett, 2013) , a view followed herein; the lack of overlap between them and the holotypes of A. baharijensis and P. stromeri means that the specimens could possibly be referred to either of those species in the future, altering the ratio.
It's also based on the assumption that there was only one species of abelisaurid and dromaeosaurid in Bahariya. While this should be the null hypothesis given the current state of the evidence, both are known almost entirely from isolated teeth; this means that the ratios could alter once we have a greater resolution on abelisaurid and dromaeosaurid taxonomy; assuming that these specimens realy are referable to either group (Chiarenza & Cau 2016 ).
Yet Bahariya was clearly more ecological stable than the Kem Kem beds; Bahariya has a more diverse herbivore fauna and abundant megaflora whereas in the Kem Kem beds wood and pollen are extraordinarily rare (Läng et al. 2013; E. Läng, personal communications, 2014 ) -even when accounting for potential preservational bias. The fact that much of the fauna appears uniform across North Africa at this time shows that Bahariya's predator/prey imbalance is a relic from this ecosystems development from the earlier marginal Kem Kem environs (Ibrahim et al. 2014a) as the rarity of mangrove adapted taxa means the faunal Figure. 7. Niche partitioning amongst Bahariya Fish. Graph A shows genus level diversity for the Bahariya formation and graph B shows the same results divided by ecological niche.
composition of a mangrove is just a subset of the regional population (Nisbet, 1968; Wells, 1984; Hogarth, 2007) and North Africa was historically unstable in this regard (Russell, 1996; Läng et al. 2013; Ibrahim et al. 2014a ).
Niche partitioning amongst Bahariyan carnivores
While many have noted the abundance of large carnivorous dinosaurs, few have noted the equally large number of large predatory fish (Fig. 7) . Elasmobranchs, especially batoids, are incredibly diverse in this ecosystem. Weiler (1935) noted that a large number of Bahariyan fish species possessed dentition for grinding shells and this diversity inhabiting a similar niche must have been supported by high crab, bivalve & gastropod mollusk population densities/species diversity. Sheaves (2005) and Lugendo et al. (2007) have also shown that fish populations are larger when the mangroves are always accessible as was the case in Bahariya with its meso-tidal conditions. This combination of high density invertebrate population and extensive, stable environment provided a broad base for various specialized fish which in turn sustained a diverse population of aquatic predators (Nash, 2012) . It must also be noted that such top heavy food chains appear to be the norm for a healthy, tropical oceanic ecosystem (Sandin et al. 2008 ).
It's no surprise that Bahariya's incredible diversity of large fish coincide with the presence of pliosaurids, crocodyliforms and large piscivorous dinosaurs such as S. aegyptiacus (Charig & Milner, 1997; Soares, 2002; Rayfield et al. 2007; Amiot et al. 2010) . The spinosaurids, along with the turtles & crocodyliforms, would have facilitated the main connection between the terrestrial and aquatic biomes, similar to prior ecosystems (Carrano & Velez-Juarbe, 2006; Fig. 8) .
The large adult sizes attained by many fish would make capture difficult; which concurs with studies suggesting that spinosaurids often preyed on creatures capable of offering sustained resistance before succumbing (Therrien et al. 2005) . Russell (1996) suggested that other terrestrial predators may have fed directly on fish. While C. saharicus undoubtedly would have fed on fish when the opportunity allowed, the presence of large sauropods shows that the Bahariyan population of C. saharicus had greater choice in prey selection, rendering the food chain more intricate than that of the Kem Kem formation (Calvin et al. 2010 ). Of the five theropod species only three: C. saharicus, B. ingens and any abelisaurid, would have been predators of large game (Fig. 9) ; despite its huge size S. aegyptiacus was not a predator of large terrestrial prey and would only have fed on small terrestrial animals (Charig & Milner, 1997; Sue et al. 1999; Buffetaut et al. 2004; Amiot et al. 2010 ). The dromaeosaurids (of which there could potentially have been various species & sizes) would have feed on smaller animals and scavenged large game when available (Hone et al. 2011; Carbone et al. 2011) . The Bahariyan crocodylomorphs also show distinct niche partitioning. L. brevirostris was a terrestrial predator (Buffetaut, 1982) while A. peyeri fed on large, slow moving fish like its relatives (Holliday & Gardner, 2012) . S. inermis is often portrayed as a filter feeder (Nopcsa, 1925 (Nopcsa, , 1926 due to the lack of teeth & gular sac. While the evolution of a suspension-feeding reptile is not impossible (Rieppel, 2002) , the preservational state of the now destroyed holotype was poor. So while it's likely that Sereno & Larsson's (2009) reconstruction of the stomatosuchidae as specialized ambush predators applied to S. inermis, the issue cannot be settled until new material is discovered.
Faunal population dynamics
Sadly we don't have specimen counts for most of the formation to show how rare or common most taxa actually are. Most species are known only from their holotype specimens with only generalised statements that others, M. libyca (Grandstaff, 2006) and Simoliophis sp (Nothdurft et al. 2002) for instance, were abundant in Bahariya.
However, such information does exist for site BDP 2000-19 (Grandstaff et al. 2012) , allowing for a comparison between species diversity and actual specimen counts (Fig. 10) . The high diversity of fish and turtles is unsurprising, but plesiosaurids are totally absent in this area and the number of crocodyliform and sea snakes are small. The limited number of elasmobranch and dinosaur specimens is also surprisingly small given that their genus count takes up such a large percentage of the total vertebrate diversity. This is further proof that Bahariya's productivity went into supporting a high diversity of terrestrial & aquatic predators, but small populations of each.
However this data contradicts previous statements about the large numbers of sarcopterygiians and sea snakes (Nothdurft et al. 2002; Grandstaff, 2006 (Grandstaff et al. 2012) .
However this data contradicts previous statements about the large numbers of sarcopterygiians and sea snakes (Nothdurft et al. 2002; Grandstaff, 2006) . It must also be recorded that the depositional environment of site BDP 2000-19 was a rapidly infilling, freshwater, river channel which would have limited the faunal composition in this area.
This could explain the low number of sharks as few can tolerate fresh water and possibly the low numbers of other groups such as sea snakes and sarcopterygiians. Many of the dinosaur remains also show signs of being transported and may not have inhabited this area in life (Grandstaff et al. 2012 ).
We will need specimen counts from elsewhere in the formation before we can say with certainty whether the diversity patterns seen here are a result of localised conditions or a genuine population trend across this region. Sadly we only have data from site BDP 2000-19 and further specimen counts from all the sites that compose this formation will be needed to deduce population patterns for both the local environments and the ecosystem as a whole.
CONCLUSIONS
The taxonomic diversity of the Bahariya formation shown by this study rivals the contemporaneous Moroccan and Algerian Kem Kem beds as being among the best known Cenomanian fossil assemblage in the world. This report also provides a reconstruction of a unique palaeoenvironment of unparalleled scale and the first to demonstrate how this wetland would have functioned as an ecosystem; answering previous questions about productivity and faunal compositions.
This overview also demonstrates the further potential of the Bahariya Formation. The mapping of the various micro-habitats within this ecosystem and how the faunal composition varied based on these differing environmental factors is a promising avenue of inquiry. Also the use of new scientific methods for studying fauna and palaeoclimatology, pioneered on other formations, show great promise here where much of the raw data is already known but often unpublished.
Hopefully increased exploration of Egypt's western desert, new techniques and renewed efforts to describe specimens currently languishing in storage will hopefully yield even greater resolution of North African palaeoecology. 
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